Summary: The genesis, development and growth of the mouse stapediovestibular joint (SVJ), which contains the annular ligament, and the temporomandibular joint (TMJ) were examined in an attempt to study the stress-bearing articular tissue that is thought to be derived from embryonic mesenchyme; the findings were also compared with those in the ossicular joints. The following conclusions were obtained: 1) The articular cartilage of the mandibular condylar process, stapedial foot plate and otic capsule is derived from fetal fibrous articular tissue. 2) The fetal TMJ developed into a typical double diarthroses containing an articular disc.
Embryologic studies on the temporomandibular joint (TMJ) have elucidated that the condylar process is derived from the secondary cartilage in the mesenchyme of the membranous viscerocranium (Furstman 1963; Yuodelis 1966; Ono et al. 1967 ; Baume and Holz 1970; Miki 1972; Slavkin 1979; Sharawy et al. 1986 ). Its articular cartilage is covered with a force-shearing fibrous tissue that is responsible for the remodeling activity of the immature joint throughout life (Bevelander and Ramaley 1979; Terashima 1985 ; Lesson et al. 1988; Blackwood 1966; Ten Cate 1972 , 1977 . In addition, various light (LM) and transmission electron microscopic (TEM) studies have shown that the TMJ is histologically identical with the periodontal ligament and skull vault sutural complex, because characteristic osteogenesis and fibrillogenesis concerning restoration of functional activity in their articular tissue were quite similar (Blackwood 1966; Ten Cate 1972 , 1977 . Furthermore, regeneration and repair in these tissues by complete restoration and replacement by scar tissue, respectively, have been identified in a study on reconstitution of the injured fibrous tissues (Gilman 1968 ).
Some LM and TEM studies in the literature have stressed that both the labyrinthine capsule and stapediovestibular joint (SVJ) are essentially membranous bones histologically similar to the mandible, clavicle, and cranial and facial sutures in that they have secondary cartilage and growth centers that are physiologically remodelled throughout life. The studies clearly explained the predilection of the oval window area for osteosclerosis, which is an abnormal kind of tissue repair involving the processes of depolymerization, repolymerization, and remineralization in the articular chondroid tissue of the SVJ, and is unlike physiological remodeling (Gussen 1968a (Gussen , b, 1969 Rauchfuss 1981) . Nevertheless, the auditory ossicles have been elucidated to be derived from the hyaline viscero-cranial cartilage of mesodermal and blastemal origins in the first and second branchial arches. But their definitive embryonic origins in mammals are still in depute . In addition, whether the stapedial base, annular ligament and oval window are derived from the mesenchyme of the otic capsule remains controversial (Van De Water et at. 1988 ).
Earlier we studied the morphogenesis and age changes of the mouse TMJ and auditory ossicular chain, but the SVJ and annular ligament were not mentioned (Naganishi and Iwai-Liao 1990) . The present paper is an attempt to: 1) describe the genesis of the SVJ and annular ligament , 2) compare the histology of the well-differentiated SVJ with the TMJ, which contains the secondary cartilage and other auditory ossicular joints containing embryonic hyaline cartilage, and 3) interpret the findings in order to obtain insight into the aging of joinst of different origins.
Materials and methods
Every fifth fetus at stages between 11 and 20 days of gestation (v.p.11.d to v.p.20.d) from pregnant Slc-ICR mice and every fifth mouse aged 0 day to 28 days after birth (b.O.d to b.28.d) were employed in this study. Heads of the mice were removed and sectioned through the median line. The vault was cut off and the brain was excavated. Blocks posterior to the molar regions containing the TMJ and temporal bone (containing the ossicular joints and the SVJ) were dissected out and then immersed in chilled fixatives containing both 2.5% formaldehyde and 2.0% glutaraldehyde buffered with 0.1 M sodium cacodylate for 1 to 4 hours.
The samples were trimmed, rinsed overnight in the same buffer solution, postfixed in 1.0% osmium tetroxide (buffered with the same sodium cacodylate) for 1 to 2 hours and rinsed overnight again. Samples older than 15 days of gestation were demineralized in 0.5 M EDTA (ethylene diamine tetra acetic acid) for 1 to 4 weeks. The samples were rinsed, dehydrated through an ascending series of ethyl alcohols, substituted with propylene oxide, and embedded in Epon 812 by the conventional methods. Semithin frontal sections were prepared with an LKB 4800 Ultrotome and stained with 0.5% malachite green (80°C; 60-100 sec), 0.5% toluidine blue (80°C; 30 sec) and 0.5% basic fuchsin (room temp: 10 sec). The specimens were immersed in cedar oil and embedded under a cover glass, then observed and photographed under an AH-2 Olympus Vanox-S light microscope.
For further TEM study on the ossicular joints, the TMJ and SVJ, ultrathin sections of 70 to 100 nm were made with the Ultrotome. The sections were picked up with grids, and double-electron stained with uranyl acetate solution (Stempak and Ward 1964) and lead citrate solution (Reynolds 1963 The primordia of the ossicles formed a cartilaginous chain continuous to Meckel's and Reichert's cartilages. The cartilaginous labyrinthin became concave and thin at the site of the future oval window, measuring about 150 [im in diameter. From the cartilaginous chain, the stapes sent out stapedial feet holding the stapedial artery and fitting into the concavity. No ossification centers were observed in the ossicular chain or otic capsule.
On the other hand, the anlage of the mandibular condylar process was a chondroid tissue, surrounded with some osteogenic cells and membranous bone, observed at the superiod end of the mandible (Fig. 1). V.p.14.d to v.p. 16.d Demarcations between the cartilaginous foot plate and labyrinthin were obvious, although they showed similar staining properties and some discrete bordering spaces. The oval window concavity of the otic capsule contained two to three layers of slender cartilage cells, which shifted gradually into a fibrous articular tissue connecting and transforming into the perichondrium of both the stapedial foot plate and the labyrinthine cartilage walling the oval window. On the other hand, the fibrous articular tissue also shifted to the perichondrium of the ossicular chain, gradually transfoi ming into mesenchymal cells in the tympanic cavity; the oval window was measured at about 150-180 pm in diameter (Fig. 2) .
Growth of the mandibular condylar process associated with progressive endochondrial ossification of the hypertrophic articular cartilage was evident during these days.
The articular spaces in the temporomandibular joint (TMJ) and incudomalleal and incudostapedial interzones in the cartilaginous ossicular chain were identified. Meanwhile, discontinuity of the labyrinthine cartilage cells was found at the site of the oval window, which measured about 300 vm in diameter. The articular fibrous tissue differentiated to contain ten to twenty parallel cell layers, which interdigitated, forming about five rows of long, slender fibroblasts in the stapediovestibular joint (SVJ; Fig. 3) .
Membranous ossification at the periphery of the malleus and at the insertion of the tensor tympani muscle were noticed; but both the otic capsule and ossicles were still cartilaginous. On the other hand, prominent endochondrial ossification in the hypertrophic growing condylar process was observed to progress from the distal portion towards the TMJ, which contained upper and lower articular spaces and afibrous band representing the future articular disc. Morphogenesis of the incudomalleal and incudostapedial joints was evident. Meanwhile, the stapedial foot plate was located at the vestibular aspect of the oval window, due to bending of the fibrous tissue in the SVJ, and was associated with expansive growth of the otic capsule (Fig.4 ) . Endochondral ossification centers in the cartilaginous labyrinthin and ossicles were invaded by the vascular system. This occurred during the first two days, and was evident in particular at the tympanic aspect of the stapes during b.4.d and b.5.d; individual variances were found (Fig. 5) .
Arrangement LM demonstrated many densely stained fibers in the synovium of the mature incudo-malleal and -stapedial joints . Many thin and curled fibers showing the same staining property were observed in parallel interposition between the spindle cells of the annular ligament (Figs. 5 and 6). TEM identified them to be elastic system fibers. The results also showed that the annular ligament contained many collagen and elaunin fibers that shifted into the articular cartilages, but the other ossicular joints contained mainly mature elastic fibers (Figs. 7, 8 and 9). Some macrophages but no osteoclasts were observed at the periphery and near the ossicular and SV joints (Figs. 3, 4 and 5).
On the other hand, the mandibular condylar cartilage was still in the hypertrophic phase, showing typical cellular zonation. Morphogenesis of the TMJ was not completed, because extension of the articular cavities was shallow and synovial folds were not evident.
Axial bones of the ossicles were ossified, leaving a thin epiphyseal cartilage. The typical zonal pattern in the articular cartilages between the ossicles and cartilaginous labyrinthin was indistinct (Fig. 10) . Both LM and TEM showed the cells in the SVJ and the fine spiral elaunin fibers in the annular ligament shifting and inserting bilaterally and abruptly into the chondrocytic and hypertrophic layer (Fig. 11) . No age changes regarding the cell population and amount of matricial fibers in the syndesmodial annular ligament were evident (Fig. 11) . Serial sections did not show interzones or articular slits and cavities in the mature SVJ. No distinct dimensional changes were found in the annular ligament or stapedial foot plate.
On the other hand, intra-articular tissues developing in the completed synovial TMJ and containing elaunin were observed between b.10.d and b.12.d, when the upper and lower incisors came into occlusion (Fig. 12) .
No specific histological findings were observed in the ossicular joints. The articular cartilages between the stapes and labyrinthine capsule were replaced with osseous tissue, leaving only a thin cartilaginous articular layer (Fig. 13 ). The stapedial foot plate was measured to be about 200 lam in width and 400 [trn in length (Figs. 13 and 14) .
TEM showed that the elastic system fibers in both the annular ligament and TMJ were elaunin fibers; the upper and lower first molars had come to be occluded since b.23.d (Figs. 15 and 16 ). The completed TMJ, which contained well-developed synovial tissue, had become nonhypertrophic, showing a gradual decrease in thickness of the component cell layers in the condylar cartilage during the late third and fourth week of age.
No sign of distinct osteogenic remodeling involving an accumulation of multinucleated cells, fibroclasts and osteoclasts in the SVJ, TMJ and ossicular joints was demonstrated. In addition, no specific histological changes in the cellular and matricial components in the annular ligament and synovium in the TMJ of the young mice were evident, in that no decrease in the cell population, increase in elastic fibers, or transformation between the collagen and elastic system fibers in the tissues was observed.
Discussion
The primordia of the ossicles are believed to be derived mainly from the neural crest mesenchyme of the first and second branchial arches; they develop into embryonic hyaline cartilages. On the other hand, the mesenchyme surrounding the otocvst. which is ectodermal tissue from the presumptive neural crest, condenses and chondrifies to form the otic capsule. A report on the ear in the gold hamster described a breakdown of mesenchyme between the malleus and incus, leading to formation of the incudomalleal joint on the 15th day of gestation (v.p.15.d). Although initial calcification of the stapes occurred at the 12th postnatal day (b.12.d) and finally outlined the oval window at b. 16 .d. formation of the stapediovestibular joint (SVJ) was not mentioned in the study (Stephens 1972 The auditory ossicles have been observed to show very little difference in size between the ossified structures and their primordia, and their actual postnatal growth seemed indistinct; they extended and consolidated with minimal surface growth remodeling to be bony structures later, and were nearly full-sized at birth. A histological study elucidated that the ossicles did not lengthen when once fully fonned in perichondrial bone because they lacked epiphyseal or secondary growth centers. In addition, the stapes has been identified to be a condensation at the upper end of Reichert's cartilage which ossified in connection with the otic capsule; it finally had laminated cartilage retained both on the vestibular aspect of the foot plate and the articular surfaces of the SVJ (Bateman 1954; Hoyte 1961; Michaels 1987 Michaels , 1988 Anson et al. 1991 ). On the other hand, the incudomalleal, incudostapedial and stapediovestibular joints have been identified as histologically similar to the temporomandibular and sternoclavicular joints, because their articular surfaces were not lined with epiphyseal cartilage but with secondary or chondroid cartilage invested with a highly remodeling fibrous tissue. For the same reasons, the articular secondary cartilage of the SVJ was therefore presumably differentiated from the mesenchymal cells in the annular ligament (Miles and Dawson 1962; Moffett et al. 1964; Gussen 1968a Gussen , b, 1969 .
A study of the rabbit indicated that no articular cavities formed in the nonfunctioning ossicular chain, which was suspended in the tympanum still filled with loose connective tissue at birth; nevertheless, the joint spaces between the malleus, incus and stapes were distinct between b.5.d and b.9.d once the tympanic cavity was filled with air. On the other hand, gradual diminishment of the cell population in the connecting tissue between the foot plate and oval window at last left only the fibrous component penetrating the articular cartilage, showing histologically what is usually described as fibers inserting between the intervertebral disc and the adjoining vertebral hyaline cartilage, as described in a study on the b.22.d rabbit (Hoyte 1961 ). Development of the fibrous annular ligament with palisade-like mesenchymal cells in the SVJ of postnatal rats, and a decrease in its cellular components during aging has been mentioned in a TEM study. The same study demonstrated a similar non--zonal pattern of cell transformation during ossification of both the stapedial and vestibular articular cartilages, as well as generation and supply of the annular ligament by mesenchymal cells in the oval window. The study therefore stressed that both the stapedial foot plate and annular ligament belonged embryologically to the labyrinthine block (Rauchfuss 1981) .
The human labyrinthine capsule has been studied and it has been found that the SVJ is composed of both articular and non-articular portions containing the annular ligament and its fibrous extension, providing for additional anchorage and stabilization of the joint (Gussen 1969) . Some comparative studies on the stapediovestibular junction have identified synostoses, synchondroses, syndesmoses and diarthroses in different animals. In contrast, the human SVJ was found to be an incomplete diarthroses or half-joint, which showed an articular cavity located in the more tightly fitted posterior pole, which was the site subject to the rocking motion of the ossicular chain, and it was composed of radiating collagenous fibers and elastic fibers mainly in both the middle ear (tympanic) and vestibular surfaces, and was irregularly scattered throughout the center of the ligament; the anterior pole that sustained stretching stress was suspended with radially directed elastic fibers. In contrast, the kangaroo rat has an annular ligament that allows more movement anteriorly than posteriorly. These studies have also found that the annular ligament filled not only the space between the articular cartilage but also the middle-and innerear sides of the joint. Moreover, unlike the structure of the round window, the annular ligament did not make its insertion in the bone but in the articular chondroid tissue (Brunner 1954; Kobayashi 1955; Bolz and Lim 1972; Michaels 1987 Michaels , 1988 Webster 1961) . Although both the human incudomalleal and incudostapedial synovial joints have been identified to be composed entirely of elastic tissue, while the SVJ is composed of fibrocartilage containing radially arranged medial and lateral fibrous bands, which are partly elastic and partly inelastic, attaching to the stapedial foot plate and chondroid wall of the oval window (Davies 1948; Harty 1953 ). On the other hand, comparative studies of the histology of the annular ligament have found that the joint of the kangaroo rat was connected solely with fine collagen fibers (Webster 1961 ing ear structure and function in mammals explained the disagreement by differences in the animal species used or in the methods employed (Engstrom 1947; Roberto 1976; Webster 1966 ).
In the present study, we observed that the future foot plate of the stapes is a condensation fitting in the otic capsule and is continuous with the anterior and posterior stapedial crura, holding the stapedial artery in the v.p.14.d fetus; no signs of ossification in the otic capsule or ossicular chain were observed in the fetal mice. Further, the medial margin of the stapedial ring was then a thinned structure containing a few layers of flat cells that showed the same staining properties to the otic capsule at the site of the oval window. It was continuous as the penichondrial layer of the intruding stapes and the articulating fibrous tissue during the early fetal stages. The syndesmosis was connecting and gradually shifting towards the cartilage of the labyrinthine capsule, stapes and mesenchyme in the tympanic cavity. The histological findings indicated that the articular parts of the SVJ were derived from the perichondrial tissue connecting both the cartilaginous otic capsule and stapes. The present study shows that the condensation of parallel rows of fibroblasts in the furture SVJ is quite prominent during v.p.18.d. Both the articulating tissue for the stapes and otic capsule and temporomandibular joint (TMJ) anlage appear and develop at the same fetal stage, earlier than the initiation of synovial cavities in the rudimentary ossicles; clefts in the cartilaginous ossicular chain are usually observed during v.p.20.d and b.O.d. Histologically, the interzones between the malleus, incus and stapes have been described to be threelayered mesenchymal tissue containing two perichondrium and an avascular intermediate layer of synovial mesenchyme, from whence a process of liquefaction occurs from the central part to the periphery, forming the diathroses (Anderson and Bro-Rasmussen 1961). In addition, our findings showed no interzone formations at the sites of articulation during the genesis of the TMJ and SVJ. Further, no calcification centers were found during the fetal stage, and no articular cavities were observed either in the pre-or post-natal stages in the SVJ.
The present study revealed that expansive growth of the otic capsule accompanied with intrusion of the stapes resulted in invagination of the stretched articulating fibrous tissue during b.O.d and b.2.d. Later on, the fibrous tissue differentiated bidirectionally, providing a circular articular cartilage at the inner wall of the oval window and articular portion at the periphery of the stapes. In the middle portion of the articulation, the condensed fibrous cells transformed to be the characteristic palisading cells usually described in connection with the annular ligament. The slender fibroblasts in the ligament were interposed with many fibers connecting the articular components. Many spiral fibers inserting into the stapedial and otic articular cartilage were identified to be elaunin fibers composed of many microfibrils and a little amorphous elastin. Furthermore, the initiation of ossification in the cartilaginous labyrinthin and completed ossicular joints was found during these early postnatal days.
The elastic system fibers containing microfibrillar oxytalan, elaunin and elastic fibers have been demonstrated in TEM studies on the elastic cartilage of the external ear, human skin and other tissues; they are distributed in the sites most frequently subject to mechanical stress. One of the studies also indicated that elastogenesis proceeds in the sequence of oxytalan fibers in the v.p. Whether the tensile and spreading forces applied to the joint and masticatory compressive forces are absorbed solely by the collagen fibers, has been discussed in a study on the aging TMJ, because the laminated collagen fibers have a tensile strength less than that of branched elastin fibers: the collagen fibers can be stretched to only an additional 10% of the original length, while the leastin fibers can be stretched to 2-to 2.5-fold their original length (Silva 1969; Fujita and Fujita 1981) . The aging healthy TMJ has been reported to contain layers of elastic fibers in various sizes that act as a broad-band resorber (Silva 1969 ). However, a pathologic study of the TMJ has shown that fragmentation of the disintegrated collagen network and stress elastosis related to mechanical failure were characteristic of the osteoarthrotic fibrocartilage but not the hyaline cartilage (de Bont et al. 1985 ). An LM and TEM study concerning the aging of the human tympanic membrane also mentioned the transformation of collagen to microfibrils (oxytalan fibers or immature elastic fibers) and that the number of collagen fibers decreased in areas where the density of microfibrils increased (Ruah et al. 1991) . In contrast, a study on the human middle ear revealed fragmentation and splitting of elastic fibers in the aging ossicular joints (Harty 1953 ). Furthermore, the turnover of fine elastic fibers into brittle large ones occurred with an increment of collagen fibers, according to a study on the aging of the Eustachian tube (Tomoda et al. 1981) . However, an ultrastructural study of the fibrils in the developing tympanic membrane in human and guinea pig revealed that fibroblasts synthesize both the collagen and elastin (McMinn and Taylor 1978) .
Rapid connective tissue restoration associated with simultaneous, active synthesis and breakdown of matricial collagen by osteogenic and fibrillogenic remodeling has been demonstrated in the oral tissues and many sutures (Ten Cate 1972 , 1976 , 1977 . The stapes and otic capsule have been compared, and have shown similar remodeling activities as sutures of the skull vault containing essentially membrane bones (Anson et al. 1948; Davies 1948; Anson and Davies 1980; Wright 1987 ). Our study indicated that when the immature TMJ and the SVJ gradually remodeled the hypertrophic cartilage that covered loading-bearing surfaces, the incudomalleal and -stapedial joints had already become mature, showing nonhypertrophic configurations in their articular cartilages within the first postnatal week. However, when the SVJ entered the mature and nonhypertrophic phase, having ossified almost completed and leaving only the articular surfaces of the adjoining bones with a thin layer of cartilage during the second postnatal week, the mandibular condyle was still immature and was distributed with arborizing blood vessels during the fourth postnatal week (Moffett et al. 1964; Silva 1969 ). In studying the fine structure of the elastic system fibers in both of the joints derived from the first and secondary cartilages, we noticed the incudo-malleal and -stapedial joints, which originated from clefts between the embryonic hyaline cartilaginous ossicular chain, contained mainly elastic fibers, while the capsular tissue of both the TMJ and the SVJ, including the annular ligament, was composed of the secondary cartilaginous tissue of mesenchymal origin containing many collagen fibers and pre-elastic fibers, which is believed to be more resistant to mechanical stress (Blackwood 1966 ). The present study indicates that growth of the matricial fibers in the joints is not only closely related to the morphological maturation of the joints but also the functional requirements of the articular tissues.
Concerning age changes in the annular ligament, we observed that the width of the fibrous articulating tissue decreased during the process of chondrogenesis and ossification of the articular components during the early postnatal days. But no decrease in the cell population and matricial fibers or proportional changes in the collagen and elaunin fibers were evident in the annular ligament. A study in the literature has reported that remodeling in the cartilage of the SVJ and otic capsule involves absorption by macrophages and replenishment by mesenchymal cells in the annular ligament and lining cells of the labyrinthin (Gussen 1968b ). We did not observe massive accumulation of macrophages, fibroclasts or osteoclasts in the vicinity of the annular ligament that would indicate active tissue decomposition in the healthy functional joint containing highly remodeling tissues. However, a few histological studies conducted on the otic capsule have indicated a unique molecular level of tissue repair in embryonic-type bone which resulted in some alternating processes of depolymerization with loss of bone cells and minerals followed by physiological remodeling related to tissue repolymerization and remineralization at all ages (Gussen 1969; Rauchfuss 1980; Wright 1987) . These studies also elucidated that, if extensive depolymerization of the eroded SVJ region led to new membrane bone formation and micropetrosis, coalescence, and hypermineralization within the fibrous area of the joint, otosclerotic changes would result in the annular ligament (Gussen 1969) .
We noticed that mature ossicular joints transformed into a non-hypertrophic phase that showed atypical cellular zonation in the articular cartilage during the first postnatal week; the joints contained mature elastic fibers. On the other hand, both the completely differentiated SVJ and the incompleted TMJ transfollned gradually into nonhypertrophic joints during the second and fourth postnatal week, respectively, and both joints contained many immature elastic fibers. The present study elucidated that joints of mesenchymal origin at sites subject to specific and periodic stress are particularly abundant in mechanical resistant elaunin fibers. Further, age changes in the fibrillar component involving with turnover of the collagen and elastic fibers and final substitution of elaunin with mature elastic fibers were not observed in either the mature SVJ or immature TMJ. The histological findings could be explained by a feedback mechanism of the fibrillar component, which adjusts and modifies the mechanical properties of the connective tissue in the stressbearing joints containing fibrocartilage (Ruggeri and Motta 1984) . 
